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The interplane optical spectrum of the organic superconductor K-(BEDT-TTF)2Cu[N(CN)2]Br was 
investigated in the frequency range from 40 to 40,000 cm -1 . The optical conductivity was obtained 
by Kramers-Kronig analysis of the reflectance. The absence of a Drude peak at low frequency is 
consistent with incoherent conductivity but in apparent contradiction to the metallic temperature 
dependence of the DC resistivity. We set an upper limit to the interplane transfer integral of 
tl/tac ~ 10 -7 eV. A model of defect-assisted interplane transport can account for this discrepancy. 
We also assign the phonon lines in the conductivity to the asymmetric modes of the ET molecule. 
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Of the K-type (BEDT-TTF)-based organic supercon- 
ductors K-(BEDT-TTF) 2 Cu[N(CN) 2 ]Br has the high- 
est superconducting transition temperature at am- 
bient pressure^ T c = 12.5 K. BEDT-TTF, or 
bis(ethylenedithio)tetrathiafulvalene and hereafter fur- 
ther abbreviated to ET, is a platelike molecule that, 
in the K-type ET-based superconductors, forms con- 
ducting layers of orthogonally acsanged dimers sepa- 
rated by insulating layers of anions a The resulting quasi- 
two-dimensional electronic structure makes this class of 
organic superconductors of great interest due to their 
potential similarity to the high temperature cuprate 
superconductors.H One important issue is the nature 
of interlayer transport: is it coherent giving rise to a 
three dimensional Fermi liquid at sufficiently low tem- 
perature, or does it remain incoherent to the lowest 
temperatures? This issue is well illustrated by two 
two-dimensional superconductors, Sr2Ru04 which shows 
coherent interplane transport at low temperature and 
Bi2Sr2CaCu208+5 (Bi-2212) where the interplane trans- 
port is incoherent at all temperatures. 

The first, Sr2Ru04, is isostructural with the cuprate 
superconductor I^-mSr^CuO^ and has a supercon- 
ducting T c of 1.5 KB Although highly anisotropic, it 
shows coherent interplane transport. At low temperature 
Si'2Ru04 shows metallic resistivity both in the in-plane 
and interplane directions, although the resistivity in the 
interplane direction is two orders of magnitude higher 
than that of the in-plane direction and has j-a metal- 
lic temperature dependence only below 100 KB The in- 
plane optical conductivity shows a Drude-like peak, and a 
weak Drud|U component can also be seen in the interlayer 
direction.taa 

The cuprate superconductor Bi-2212 shows an in-plane 
DC resistivity that, in optimally doped Bi-2212, varies 
linearly with temperature up to several hundred Kelvin, 
while in the interplane direction the resistivity is four or- 
ders of magnitude higher and increases with decreasing 
temperaturefm The real part of the optical conductiv- 
ity of Bi-2212 shows a Drude-like .peak centred at zero 
frequency in the in-plane direction,EI but no such peak is 



seen in the interplane direction. a Instead, the interplane 
conductivity consists entirely of phonon lines. The weak 
residual interplane-transport is due to an incoherent tun- 
neling mechanism.Q 

The transport properties-pf K-(ET) 2 Cu[N(CN) 2 ]Br are 
also highly anisotropic .E3liil Within the conducting de- 
planes, the resistivity shows an unusual broad peak near 
100 K, but has a clearly metallic behaviour at low tem- 
perature with resistivity decreasing with decreasing tem- 
perature. The interplane &-axis resistivity has quali- 
tatively the same metallic temperature dependence as 
the in-plane resistivity, but is three orders if magnitude 
higher. Its value of 1 ficm at 15 K, which depends some- 
what on how quickly the sample is cooled,t3 is six or- 
ders of magnitude higher than what is seen in good met- 
als. Thus, in the interplane direction, there is an appar- 
ent contradiction between the temperature dependence 
of the resistivity that suggests coherent transport, and 
the magnitude of the resistivity that suggests incoherent 
transport. 

One criterion for evaluating the coherence of the in- 
terplane conductivity is the Ioffe-Regel-Mott minimum 
metallic conductivity. Modified for the open. Fermi sur- 
faces of these highly anisotropic systemsjlj it gives a 
lower limit on conductivity which corresponds to a co- 
herence length comparable to the size of a unit cell in 
the interlayer direction: 
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where a± and l± are the conductivity and lattice con- 
stant in the interplane direction and au, Zim and l\\2 are 
the conductivity and lattice constants in the planes. Ta- 
ble | lists these parameters for Sr2Ru04, Bi-2212 and 
K-(ET) 2 Cu[N(CN) 2 ]Br. The conductivity anisotropy ra- 
tio should be evaluated at <r± = <r m in- For Sr2Ru04 
this gives coherent conductivity below 52 K which is in- 
deed the temperature where the resistivity starts to de- 
viate from the low-temperature T 2 dependence. For Bi- 
2212 and K-(ET) 2 Cu[N(CN) 2 ]Br, however, a mm > <tj_ 
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TABLE I. Ioffe-Regel-Mott minimum metallic conductiv- 
ity for highly anisotropic systems, /in, and l± are the 
two in-plfl,pa[-fl,nd one interplane room temperature lattice 
constantsH'E-ffi in A, T is temperature in Kelvin, and o"n , a± 
and (T m in are the in-plane, interplane and minimum conduc- 
tivities in (ficm) -1 at temperature T. 
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even near T c where the anisotropy is largest. This sug- 
gests that the low temperature interplane conductivity of 
Sr 2 Ru04 is coherent but becomes incoherent above 52 K 
due to thermal fluctuations, while both Bi-2212 and k- 
(ET)2Cu[N(CN)2]Br remain incoherent at all tempera- 
tures. 

Optical conductivity provides another method of in- 
vestigating the coherence of interplane transport where 
in a coherent system the optical conductivity <j\ shows a 
Drude peak centred at zero frequency with a maximum 
corresponding to the DC conductivity udc an d a width 
equal to the scattering rate T of the free carriers: 



The question of the coherence of the interplane trans- 
port in the ET-based organic superconductors can be 
addressed with measurements of low temperature far- 
infrared optical conductivity in the interplane direction. 
To date however, infrared studies have focused on the 
in-plane properties ,E3~E1I andrtho-Jcw interplane measure- 
ments which have been madeE3~Ea were at room temper- 
ature and above 600 cm -1 . This is due to the difficulty 
of growing crystals with large faces perpendicular to the 
conducting planes. Recently, however, high quality crys- 
tals of sufficient size for far-infrared interplane measure- 
ments have become available. The interplane reflectance 
measurements of K-(ET) 2 Cu[N(CN) 2 ]Br presented in this 
paper are the first such measurements on any ET based 
superconductor. 

The single crystals of K-(ET) 2 Cu[N(CN) 2 ]Br were syn- 
thesized by. the electrocrystallization technique described 
elsewhere.Ei Typical crystal sizes were 1.5 x 1.5 x 1.5 mm 
with faces as large as 1 mm 2 parallel to the interlayer b- 
axis. Polarized reflectance measurements between 40 and 
8000 cm -1 were performed on these as-grown faces with a 
Michclson interferometer using three different detectors. 
A grating spectrometer with three additional detectors 
was used to make measurements at 300 K for the rest of 
the range up to 40,000 cm -1 (5 eV). 

The reflectance of K-(ET) 2 Cu[N(CN) 2 ]Br with the 
light polarized in the interplane direction is shown in 
Fig. [I] for four temperatures above the superconducting 
transition temperature. The reflectance is approximately 



0.00 1 — 1 1 — 1 1 — 1 1 — 1 

100 1000 10000 

Frequency (cm" 1 ) 

FIG. 1. Semilog plot of the interlayer reflectance of 
K-(ET) 2 Cu[N(CN) 2 ]Br. 

0.15 over the entire range with several sharp phonon 
peaks at low frequencies and some broader interband-like 
features at higher frequencies. 

It should also be pointed out that there was some 
sample-to-sample variation of the interplane reflectance, 
particularly the temperature dependence of the back- 
ground reflectance above 200 cm -1 . Fig. || is a com- 
parison of the sample shown in Fig. [l] (upper panel) 
with another sample showing a much stronger temper- 
ature dependence (lower panel). The phonon lines below 
200 cm -1 also appear to be stronger in this second sample 
although the optical conductivity should be calculated 
for a true comparison. Unfortunately we were unable 
to measure reflectance above 800 cm -1 for this second 
sample, and we have no explanation for the variation. 
Complete data sets need to be collected on more samples 
to properly investigate this phenomenon. It is interest- 
ing to note that the feature has the appearance of a gap, 
and evidence for a pseudogap in K-(EX)*Cu[N(CN) 2 ]Br 
at T* = 50 K in ESrN and 13 C NMRBEI measurements 
has been reported. This would give 2A//csT* = 5.7 
which is not far from the value 4.3 reported for the high 
temperature cuprate superconductorsO 

The calculation of the optical conductivity requires ex- 
trapolation of the reflectance to all frequencies for the 
Kramers-Kronig analysis. The spectra were extrapolated 
to high frequencies using power law extrapolations: to^ 1 
above 5 eV and ui~ 4 above 62 eV. Below our lowest mea- 
sured point at 25 cm -1 we used a Drude extrapolation, 
although an insulating extrapolation gives very similar 
results. We estimate our experimental uncertainty of the 
reflectance to be ±0.005. Combined with uncertainties 
due to the extrapolations, this gives an uncertainty in our 
optical conductivity of ±8% between 200 and 2000 cm -1 . 
Outside this range the uncertainty rises, reaching ±40% 
at 25 and 5000 cm -1 . The resolution of the spectra is 
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FIG. 2. A comparison of the interlayer reflectance of two 
crystals of K-(ET) 2 Cu[N(CN) 2 ]Br. The one in the lower panel 
shows stronger temperature dependence of the background 
above 200 cm - . 



2 cm" 1 up to 200 cm" 1 , 4 cm" 1 up to 680 cm" 1 , and 
15 cm -1 up to 8000 cm" 1 . 

The real part of the interplane optical conductivity is 
shown in Fig. |^. The_ssalue of the DC conductivity from 
the work of Su et alS3 at 15 K is shown at 1 (ficrra)" 1 
on the vertical axis. Clearly there is no sign of the usual 
Drude peak that accompanies coherent conductivity. In- 
stead the conductivity is dominated by sharp phonon 
lines on a background due to interband-like features in 
the mid-infrared. This confirms that the interlayer con- 
ductivity in K-(ET) 2 Cu[N(CN) 2 ]Br is incoherent. 

A fit to Lorentz oscillators which will be discussed later 
shows no sign of any free carrier component to the opti- 
cal conductivity above 30 cm~2. This is similar to what 
has been reported for Bi-2212.EI It is difficult to estimate 
an upper limit for the plasma frequency of a hypotheti- 
cal Drude peak, but assuming the width is equal to the 
in-plane width reported by Eldridge and Kornelsen of 
r = 20 cm" 1 we estimate u> p = 50 cm" 1 for the plasma 
frequency of the Drude component. Combining the in- 
plane scattering rate r = 20 cm -1 with the DC resistivity 
gives a somewhat lower value of uj p — 25 cm" 1 . Using 
the 50 cm -1 value and a simplified tight-binding model 
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FIG. 3. The real part of the interlayer optical conductivity 
of K-(ET) 2 Cu[N(CN) 2 ]Br. The DC value is marked on the 
vertical axis at 1 (Slcm) -1 . 



we can estimate the interplane transfer integral using 
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where /(-Ek) is the Fermi-Dirac occupation number and 
the derivative is to be taken in the direction of the field. 
We use the simplified tight-binding band 

E k = -2t a cos(k a d a ) - 2t b cos(k b d b ) - 2t c cos(k c d c ) (4) 

where d are the ET molecular repeat distances and t 
are the average transfer integrals along the various di- 
rections. We assume an open Fermi surface in the inter- 
plane direction^] with t b <C t ac and ignore the in-plane 
anisotropy to get 
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where b is the interplane lattice constant and V m the 
volume per ET molecule. This gives t\jt ac « 10 -7 eV 
which gives t b w 10~ 4 r-eV if t ac w 10" 1 eV as has been 
estimated for (ET) 2 I 3 .El Of course, this analysis assumes 
a coherent component to the conductivity which seems 
unlikely given the earlier discussion of minimum metallic 
conductivity. 

We now return to the problem of the temperature de- 
pendence of the interplane DC conductivity which shows 
a clear metallic character and in fact follows rather ac- 
curately the in-plane conductivity although it is a factor 
of 1000 smaller. Since the interplane conductivity is be- 
low the minimum metallic limit it is highly likely that its 
metallic temperature dependence is due to some special 
process that makes it mirror the in-plane capductivity. 
There are several models that can do thistlH23 and we 
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HG. 4. A comparison of the resistivityrdata of Buravov et 
alx-A to a fit to the model of Martin et aZ.u 



focus here on a .model originally proposed for Bi-2212 
by Martin et aZ. ,13 where the conducting planes are con- 
nected by a random network of shorts approximated as 
a regular array of links of resistance Rn, distance £ apart 
along the conducting plane. Given the resistance Ri ac 
along the plane between the shorts and the interplane 
distance d, the apparent interplane resistivity is given by 



Pb — {Rib + Rla 



(£/2) 5 



(6) 



and assuming Ri ac = Pac/d we get for the anisotropy 

Pac V Pac J \ 2rf 



(7) 



Buravov's data£3 above 50 K are nearly temperature- 
independent with Pb/ Pac ~ 1000, while below 50 K the 
anisotropy rises dramatically. Fig. |i| compares the inter- 
plane resistivity and anisotropy of Buravov et al. with 
a least squares fit using Eq. [?] assuming a temperature- 
independent Rit,. The fit, which reproduces both the 
temperature independence of the anisotropy at high tem- 
peratures and the dramatic increase in anisotropy at low 
temperatures, gives Ru, — 138±9 kfi and £ = 802±7 A if 
we take d = 15 A. The model explains the rise of the 
anisotropy below 50 K as due to the rapid drop of Ri ac 
relative to the temperature- independent Rib, whereas 
models where the proportionalita-between in-plane and 
interplane resistivity is built ir£M3 predict a constant 
anisotropy, independent of temperature. The observed 
sample-to-sample variation shown in Fig. is also con- 
sistent with a process controlled by defects. 

The model of a meandering current will fail at high 
frequency. To estimate the characteristic maximum fre- 
quency we model the current path as a transmission line 
of series resistors Ri ac shunted to ground by capacitors 
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transmission line is 
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Thus above a frequency given by uiq = {Ri a cC s ) _1 the 
capacitors short the AC current and the in-plane fields 
do not have time to build up. With the parameters de- 
termined above we find that ujq ss 10 cm -1 . A test of 
the model would be a reduction of the interplane con- 
ductivity from its DC value to a much lower value at this 
frequency. Dressel et alS^i find in the millimeter wave 
range (1-3 cm -1 ) conductivities that agree with DC val- 
ues consistent with our picture. Unfortunately the strong 
phonon background discussed in the next paragraphs pre- 
vents us from giving an accurate value of the interplane 
electronic conductivity in the far infrared range other 
than an upper limit of about 1 (f2cm) _1 . 

It was possible to fit the conductivity with a series of 
Lorentzian oscillators according to 
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51 oscillators were used in the fit along with a weak 
Drude term to account for phonons below the measure- 
ment range and one strong oscillator at high frequency 
to provide the background tail of the mid-infrared fea- 
tures. It was necessary to add some asymmetry to the 
strongest oscillators at 492 and 1450 cm _1 , but all other 
oscillators were symmetric. Table || lists the frequency 
u>o, plasma frequency uj v and width T of the oscillators 
at all four temperatures. Most of the low frequency lines 
seem to be lattice modes as_their frequencies increase 
with decreasing temperatures Some of these lines we*^ 
previously reported in a powder absorption experimentE3 
and are marked with an asterisk. The rest of the lines 
are related to internal vibrations of the ET molecule, 
and these mode assignments were made by comparison 
with Eldridge et-al. who assign the normal modes of 
the ET molecule^j and relate these ET modes to ob- 
served lines in in-plane r -Lp£rared and Raman spectra of 
K-(ET) 2 Cu[N(CN) 2 ]BrBEl 

In general, infrared spectra are sensitive to asymmet- 
ric (ungerade) modes while Raman spectra are sensitive 
to symmetric (gerade) modes. Since the ET molecule 
consists of two mirrored halves joined by a single C=C 
bond, the infrared-and Raman spectra of ET contain sim- 
ilar sets of lines £3 Each vibration of atoms in one half 
of the molecule can be in phase or out of phase with an 
identical vibration in the other half producing symmet- 
ric/asymmetric pairs of modes. Since the two halves are 
nearly independent, the members of each mode pair have 
nearly the same energy. This argument does not apply 
to modes involving the central C=C bond. 

Like the ET spectra, the in-plane infrared and Ra- 
man spectra of K-(ET)2Cu[N(CN)2]Br also have simi- 
lar sets of lines, however in this case both sets of lines 
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TABLE II. Lorentz oscillator parameters from least squares fits of Eq. (^) to the real part of the interplane optical conduc- 
tivity of K-(ET)2Cu[N(CN)2]Br at 15, 100, 200 and 300 K. All values are Aa cm -1 . Vertical lines associate one or more mode 
assignments with a set of oscillators. * indicate lines seen by Dressel et aZ.I— I 
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FIG. 5. A comparison at 300 K of the real part of the 
interlayer optical conductivity with the powder absorption 
spectra of Eldridge et alxB 

are ascribed to the symmetric modes of ET@ The rea- 
son the symmetric ET modes are infrared-active in k- 
(ET) 2 Cu[N(CN) 2 ]Br is the arrangement of ET molecules 
into dimers so that the members of a dimer can vibrate 
out of phase transferring charge back and forth and pro- 
ducing the dipole moment required for infrared activity. 
The Raman line positions in /c-(ET) 2 Cu[N(CN) 2 ]Br are 
shifted from the ET line positions due to the charge on 
the ET molecules, and the infrared line positions are fur- 
ther shifted by their coupling to the charge transfer be- 
tween members of a dimer SB To assist them in their mode 
assignments, Eldridge et al. also cause further shifts us- 
ing several isotopic substitutions. 

We have assigned the lines in our interplane in- 
frared spectra to the asymmetric modes of the ET 
molecule. The mechanism that makes the symmetric 
modes infrared-active in the in-plane measurements does 
not apply to our interplane measurements since the elec- 
tric vector of the light is perpendicular to the direction 
of charge transfer between members of a dimer. Fig. ^ 
shows a comparison of our <j\ tcuthc ET powder absorp- 
tion spectrum of Eldridge et alSB For the most part, our 
mode assignments are based on this comparison since 
we do not have many measurements on isotopic analogs 
to assist us. We do however have a partial reflectance 
spectrum of a K-( 13 C(2)-ET) 2 Cu[N(CN) 2 ]Br crystal in 
which the two central carbon atoms have been substi- 
tuted with 13 C. Fig. H shows the 23 cm -1 shift of a line 
at 791-t2 cm -1 confirming its identity as the ^3 2 (Bi u ) 
modeBJ Since this mode involves the central C=C bond, 
its symmetric counterpart is at a very different frequency 
and is seen in the in-plane infrared and Raman spectra 
near 450 cm' 1 while no line is seen near 791 cm £3 

In general, all of the lines become narrower as tem- 
perature decreases as expected, however the plasma fre- 



FIG. 6. A comparison at 15 K of the interlayer reflectance 
of K-(ET) 2 Cu[N(CN) 2 ]Br with that of a sample in which the 
two central carbon atoms have been substituted with 13 C. 

quencies, or line strengths, also increase significantly 
in some cases. In particular, the line at 81 cm , 
which is quite strong at 15 K, has nearly disappeared 
above 200 K. An increase in line strength with de- 
creasing temperature in organic conductors has gener- 
ally been interpreted_as a signature of charge-density- 
wave fluctuationsEZI'EHj However, temperature-dependent 
phonon intensities have also been associated with spin- 
density- wave transitions SB 

In summary we have measured the interplane re- 
flectance of the quasi-two-dimensional organic supercon- 
ductor K-(ET) 2 Cu[N(CN) 2 ]Br and calculated the optical 
conductivity using Kramers-Kronig relations. We find 
strong evidence of incoherent transport as has been re- 
ported for the high temperature superconductors, and 
estimate an upper limit for the free carrier plasma fre- 
quency of 50 cm -1 from which we derive an upper 
limit for the interplane transfer integral of 10 -4 eV. 
We have used a defect model to explain the crossover 
from a temperature-independent resistivity anisotropy at 
high temperatures to a rapidly increasing anisotropy at 
low temperatures. We have also fit the phonon lines 
in the conductivity to a series of Lorentzian oscillators 
and assigned these to the asymmetric modes of the ET 
molecule. 
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